Ghodoum Parizipou M.H., Ramazani L., Pakdaman Sardrood B.: Temperature affected transmission, symptom development and accumulation of Wheat dwarf virus. Plant Protect. Sci.
Wheat dwarf virus (WDV) is a species of the genus Mastrevirus, family Geminiviridae, being responsible for considerable crop losses by causing stunting, yellowing or reddening in its economically important hosts including wheat and barley plants cultivated in many parts of the world (Tóbiás et al. 2011; Kvarnheden et al. 2016) . The twin-shaped quasi-icosahedral virus particles harbour a circular single-stranded (ss) DNA genome which encodes four proteins including movement protein (MP; V1) and coat protein (CP, V2), and replication-associated proteins (RepA, C1 and Rep, C1:C2) . V1 and V2 genes are located on the viral-sense strand while C1 and C2 genes are located on the complementary-sense strand (Gutierrez et al. 2002) . Initially, two strains of WDV have been identified: wheat strain and barley strain (referred to as WDV-Wheat -WDV-W and WDVBarley -WDV-B) which share 83-84% nucleotide identity throughout the genome (Köklü et al. 2007; Schubert et al. 2007) . A later study suggested that isolates from wheat, barley, and other cereals should be classified as belonging to strains A to E of WDV according to which viruses belonging to strain A of WDV (WDV-A) preferentially infect barley, whereas those from strain C (WDV-C) preferentially infect wheat (Muhire et al. 2013) . The viruses of strains B and D that infect barley were exclusively reported from Iran. Recently it was demonstrated that WDV isolates infecting wheat and barley hosts are phylogenetically divided into two super-clades including WDV-W and WDV-B, respectively, and a number of WDV isolates originating from Iran formed a new distinct cluster named strain WDV-F (Ghodoum Parizipour et al. 2017) .
The virus is naturally transmitted by leafhoppers of the genus Psammotettix (order Hemiptera, family Cicadellidae) in a circulative, non-propagative manner (Lindsten & Vacke 1991) . Psammotettix alienus Dahlbom was reported to transmit WDV in Finland and China (Lemmetty & Huusela-Veistola 2005; Wang et al. 2014) . However, the species P. provincialis Ribaut is responsible for transmission of WDV in Syria (Ekzayez & Kumari 2011) . Generally, P. alienus is considered to occur mainly in cereal cultivations globally (Greene 1971; Abt et al. 2017) . In Iran P. alienus is responsible for transmission of WDV among cereals (Lotfipour et al. 2013b) . WDV can reach the salivary glands via two pathways in the insect body resulting in rapid virus transmission by the vector (Wang et al. 2014) . Recently, it was found that P. alienus individuals originated from Iran are able to transmit WDV-Wheat and WDV-Barley to wheat and barley plants with high transmission efficiency, respectively (Ghodoum Parizipour et al. 2016) .
Temperature has been shown to affect the vector transmission of a number of plant viruses significantly (Kassanis 1957; Sylvester & Richardson 1965; Bar-Joseph & Loebenstein 1972; Ling & Tiongco 1975; Damsteegt 1984; Smyrnioudis et al. 2001; Anhalt & Almeida 2008) . However, there is no greenhouse study showing how temperature can affect the vector transmission of WDV to wheat and barley hosts. In a field study, Lindblad and Arenö (2002) indicated that cold weather in early summer can adversely affect the lifecycle and population size of P. alienus. Moreover, they observed that warm weather in the autumn might lead to a large overwintering population of the leafhoppers. When the average temperatures were < 10°C, only a few P. alienus individuals were caught, and as the temperature increased, a larger number of leafhoppers were caught. Another survey on the population dynamics of P. alienus was carried out in Germany which identified the temperature as an important factor directly affecting the population size of the leafhopper (Manurung et al. 2005) . It was found that warmer weather of the year 2000 was associated with a larger population size of the leafhopper in cereal fields compared to the year 1999.
Generally, it was shown that temperature can also affect the symptom development in several plantvirus interactions (Hillman et al. 1985; Adams et al. 1986; Schuerger & Hammer 1995; Dahal et al. 1998 , Llamas-Llamas et al. 1998 Chellapan et al. 2005; Li et al. 2009; Sugiyama et al. 2009; Velázquez et al. 2010; Ghodoum Parizipour et al. 2014; Ghoshal & Sanfaçon 2014; Chung et al. 2015) . In most of the studies it was reported that high temperatures are associated with reduced symptom expression in virus-infected plants (Hillman et al. 1985; Dahal et al. 1998; Llamas-Llamas et al. 1998; Chellapan et al. 2005; Velázquez et al. 2010; Ghodoum Parizipour et al. 2014; Ghoshal & Sanfaçon 2014; Chung et al. 2015) . However, there is no evidence whether temperature can affect symptom development on WDV-infected plants.
We examined the effect of different temperature on transmission of WDV-W and WDV-B isolates to wheat and barley plants, respectively, by adult and nymph stages of P. alienus and how temperature can affect the mortality rate of the leafhopper vector during the virus transmission. We also investigated the influence of temperature on symptom development and virus content of WDV-infected plants under different temperature regimes.
MATERIAL AND METHODS
Plant materials. Seed of spring wheat (Triticum aestivum L. cv. Marvdasht) and spring barley (Hordeum vulgare L. cv. Kavir) was sown into Petri dishes with wet filter paper and irrigated daily and kept in a dark chamber at room temperature for three days. The seedlings were then transferred into plastic pots containing peat moss and soil (1 : 1) and grown under greenhouse conditions (20-25°C, 50% RH, 16/8-h photoperiod).
Total DNA extraction. Total DNA was extracted from plant tissues collected from field and greenhouse samples using a silica matrix according to the method described by Boom et al. (1990) with some modifications. Plant tissues (100 mg) were homogenised and mixed with 1 ml of lysis buffer (0.2 M Na acetate pH 5, 25 mM EDTA, 4 M guanidine hydrochloride, 2.5% PVP-40). The suspension was then mixed with 60 µl of 20% lauroylsarcosine. The mixture was incubated at 70°C for 10 min while shaking, then the https://doi.org/10.17221/147/2017-PPS mixture was centrifuged at 13,000 rpm for 6 min and 700 µl of supernatant was mixed with 50 µl of silica matrix. The absolute ethanol (630 µl) was added to the mixture and it was centrifuged at 8,000 rpm for 20 seconds. The pellet was washed once with 600 µl of washing buffer I (0.2 M Na acetate pH 5, 25 mM EDTA) and twice with 500 µl of washing buffer II (10 mM Tris-HCl pH 8, 1 mM EDTA, 100 mM NaCl in 80% ethanol). DNA was eluted using 50 µl of TE buffer (10 mM Tris-HCl pH 8, 0.1 mM EDTA) and stored at -20°C for molecular experiments. DNA was also extracted from whole insects using cetyltrimethylammonium bromide (CTAB) according to the method described by Maixner et al. (1995) .
PCR and sequencing. Polymerase chain reaction (PCR) was performed to detect WDV in both plant tissue and leafhopper vector. Two strain-specific pairs of primers which had been previously shown to amplify a 1300 and 1350 bp fragment of the Repcoding region of WDV-W and WDV-B, respectively (Ghodoum Parizipour et al. 2016) were used in PCR assay ( Table 1 ). The reaction was performed in 25 ml volume containing ~15 ng of total DNA, 1.5 mM MgCl 2 , 200 µM of each dNTP, 1 mM of each oligonucleotide, and 2 U of Taq DNA polymerase (Thermo Scientific, Darmstadt, Germany) in the reaction buffer provided by the same source. The mixture was heated for 2 min at 96°C and subjected to a 35-cycle PCR program of 30 s at 96°C, 30 s at 62°C, and 2 min at 72°C. The final extension phase was subsequently performed for 10 min at 72°C. Two sets of control samples were used in PCR assay including positive (samples which had been confirmed to be infected with WDV-W and WDV-B) and negative controls (samples from healthy wheat and barley plants). Approximately 5 ml of the reaction mixture was then loaded directly onto a 1.2% agarose gel previously stained with ethidium bromide and UV-visualised.
Full-length amplification of viral genome. In order to obtain complete genomes of WDV-Wheat and WDV-Barley from the infected wheat and barley plants, four samples including 2 tissue samples from the PCR-positive plants displaying the typical symptoms of WDV infection and 2 leafhopper individuals feeding on them, were then subjected to the second PCR this time using Platinum Taq DNA Polymerase with high fidelity amplification (Invitrogen, Carlsbad, USA) and general WDV primer pairs (Table 1) . To amplify the complete genome of each virus, three independent PCRs were performed and the resulting PCR products were electrophoresed on 1% agarose gel with TAE buffer [40 mM Tris-acetic acid, 0.1 mM EDTA, pH 8.2-8.4 (at 25°C)] and visualised by ethidium bromide staining. DNA fragments with the expected sizes including 1300, 1350, 1114, and 1375 bp were excised from the gel and purified using a PCR Clean-up Gel Extraction Kit (MachereyNagel, Düren, Germany). The quality and quantity of purified DNA were assessed using a NanoDrop spectrophotometer (Thermo Scientific, Waltham, USA). Purified DNA fragments were sequenced at GATC Biotech (Konstanz, Germany). The Chromas (Technelysium) software was applied for base calling and the sequences determined from each end of the fragments were then assembled using SeqMan Pro software (DNASTAR Lasergene v8) in order to obtain the full length of each virus genome. Then the position of ORFs and intergenic regions of the resulting sequences were determined and the sequences were submitted to GenBank using a BankIt Table 2 shows the details of sequences which were deposited in the GenBank under the corresponding accession numbers. Sequence analysis of WDV isolates. A total number of 53 WDV complete sequences including 4 sequences obtained in the present study and 49 sequences from different hosts and various geographical locations previously published at GenBank were used to perform a phylogenetic analysis ( Table 2 ). The sequences were aligned by CLC Main Workbench software (version 7.6.2) and the maximum likelihood method using the general time-reversible model test (Tavaré 1986 ) with 1000 bootstrap replicates was applied to construct a phylogenetic tree. One isolate of Oat dwarf virus (ODV) was included as an outgroup.
Leafhopper. A D.VAC vacuum insect collector (Rincon-Vitova Insectaries, Ventura, USA) was used to collect P. alienus individuals from wheat and barley fields with plants showing typical symptoms of WDV infection in Marvdasht, Fars province, Iran, in June 2016. Two sampling processes were carried out separately in order to collect the leafhoppers on cultivated wheat and barley plants. Adult individuals of P. alienus were primarily characterised by the ground creamy colour of their head, pronotum and scutellum, of 2.2-2.8 mm in length (Greene 1971) and were isolated using an aspirator for further experiments. In order to rear the insects, they were caged on healthy barley seedlings and kept at greenhouse conditions. Morphological identification of leafhoppers was carried out as described by Ghodoum Parizipour et al. (2016) . The leafhopper species was identified using morphological descriptions (Nielson 1968) . In order to propagate virus-free colonies of leafhoppers, one male and one female insect were transferred to a healthy barley seedling. The progenies of each mate were then transferred to new healthy barley seedlings for three generations. Barley plants with leafhoppers were inspected daily to observe any symptoms of the viral infection. To ensure that resulting leafhoppers are virus-free, PCR assay using a WDV-specific primer pair (p656 V /p1770 C ; Table 1 ) was performed, as described above, to detect WDV in leafhoppers and barley plants on which they had been caged. The virus-free leafhoppers were then used for the vector transmission experiments.
Infection sources of WDV. Two infection sources of WDV-Wheat and WDV-Barley isolates were prepared on wheat and barley plants, respectively. To this end, two groups (3-5 individuals) of leafhoppers collected from fields with WDV-infected wheat and barley plants were immediately caged on wheat and barley seedlings, respectively, for 7 days. The insects were then removed and the inoculated plants were kept in the greenhouse with the conditions described below. Visual inspections were carried out to find the typical symptoms of WDV infection on the inoculated plants. PCR assay using strain-specific primer pairs of WDV-W and WDV-B (Table 1 ) was performed at 30 days post inoculation (dpi) as described above, to confirm the respective viral infections in wheat and barley plants. Complete genomes of WDV-W and WDV-B isolates were obtained from the respective plants as described above. These plants were then used as infection sources of WDV-Wheat and WDV-Barley for vector transmission experiments.
Virus transmission. The virus-free leafhoppers were allowed to feed on the infection sources for 7 days. Three combinations of viruliferous leafhoppers (2 insects per plant) including 2 adults, 1 adult & 1 nymph, and 2 nymphs were used to inoculate plants. For each vector combination, 14 single-plant pots were used. The leafhoppers were caged on oneweek-old seedlings of wheat and barley for six days. Then leafhoppers were removed and inoculated plants were kept at different conditions (see below) for the monitoring of symptom development. The inoculation of wheat and barley seedlings with WDV-W and WDV-B isolates, respectively, was conducted in 4 growth chambers with constant temperatures of 20, 25, 30, and 35°C, 40% RH and 16/8-h photoperiod to investigate the effect of temperature on vector transmission, symptom development and insect mortality. At the end of each inoculation, the number of viruliferous leafhoppers was counted to calculate the mortality rate of insects for each temperature regime. Inoculated plants were then inspected for the typical symptoms of WDV infection and scored based on their symptoms [0 = no symptom, 1 = mild chlorosis without stunting, 2 = chlorosis and stunting, 3 = severe chlorosis and stunting, 4 = dead] at 34 dpi. Fourteen plants per temperature regime were used. The experiment was repeated two times.
ELISA. WDV was detected in plants by indirect ELISA using the polyclonal antibody of WDV (DSMZ, Braunschweig, Germany) which has been shown to be able to detect both wheat and barley strains of Iranian isolates of WDV (Lotfipour et al. 2013b) . Indirect ELISA was performed using the method described by Converse and Martin (1990) . A plant https://doi.org/10.17221/147/2017-PPS sample which had been previously confirmed to be WDV-infected was used as positive control. A tissue sample from healthy plants was also used as negative control. The plates were analysed using a Thermo Labsystems microplate reader (Thermo Scientific, Schwerte, Germany) and ELISA extinction values measured at a wavelength of 405 nm were recorded in order to quantify the virus. The samples with absorbance values double those of buffer controls were considered as positive. The plant samples showing positive results in ELISA were then subjected to PCR as described above.
Statistical analysis. Due to the lack of normal distribution of data, a non-parametric statistical approach was applied to analyse the data collected from the experiments about the effect of temperature on vector transmission and symptom development. To this end, the Kruskal-Wallis H test was applied using SPSS v22 software (IBM, Greenville, USA). In case of data obtained from indirect ELISA and mortality rate, however, parametric statistical indices were determined. The mean value of each treatment was subjected to the analysis of variance (ANOVA) using SPSS v22 software. Then Duncan's multiple range test was applied to find any significant difference at two levels of P = 0.01 and 0.05.
RESULTS

WDV detection.
The typical symptoms of WDV infection including yellowing and stunting were observed in a wheat field in Marvdasht, Fars province, Iran ( Figure 1A ). The leafhopper vector (P. alienus) was also collected in the affected field and primarily characterised by the ground creamy colour of their head, pronotum and scutellum, of 2.2-2.8 mm in length and transparent wings with cleared veins in the hind wing ( Figure 1B ). Further characterisation of the leafhopper individuals revealed a depression in the expanded apex of the aedeagus (data not shown), which is a distinguishing character of P. alienus (Greene 1971) . The leafhoppers were allowed to feed on wheat and barley seedlings which resulted in development of the typical symptoms in wheat and barley plants at 20 dpi (data not shown). These plants were subjected to PCR with strain-specific primer pairs (p2730 C /p1430 V and p2720 C /p1370 V ) leading to partial amplification of the WDV-Wheat and WDV-Barley genome sequence, respectively ( Figure 1C) . The leafhoppers were also tested by the same PCR assay and similar DNA fragments were obtained ( Figure 1C) Table 2 . Multiple alignments of complete genome sequences were performed and a maximum likelihood phylogenetic tree was constructed according to which WDV strains were generally divided into two super-clades of WDV-W and WDV-B. The WDV-B super-clade includes strains A and B, while strains D, C, E, and F are included in the WDV-W super-clade. Interestingly, two WDV sequences isolated from wheat-derived sample and leafhopper (KY793552 and KY793553, respectively) formed a separate cluster which is classified into a novel strain preliminarily named WDV-G (Figure 2 ). WDV isolates from barley plant and viruliferous leafhopper (KY679016 and KY679017, respectively) obtained in this study clustered with other WDV-B isolates which had been previously isolated from barley ( Figure 2) . Effect of temperature on vector transmission. The virus-carrying leafhoppers either as nymphs or adults could transmit both WDV-W and WDV-B isolates to wheat and barley seedlings, respectively, in all temperature regimes. However, there was a significant difference between the infection rates of the viruses in these temperature regimes (Figure 3) . It was shown that the highest infection rate using all vector combinations including adult, adult and nymph and nymph occurred at 25°C. Moreover, the efficiency of vector transmission by leafhoppers at nymph stage was significantly higher than that of adult leafhoppers (Figure 3) . No statistically significant difference was found between the infection rates of WDV-W and WDV-B isolates in wheat and barley plants, respectively (Figure 3) . The mortality rate of leafhoppers was determined in each temperature regime and it was found that there was no significant correlation between the mortality rate of the vector and transmission efficiency of the virus (Table 3) , although the number of dead leafhoppers increased at a constant temperature of 35°C. When only the nymphs were used as the virus vector, the number of dead leafhoppers was smaller compared to other transmission experiments in which only adults or a combination of adults and nymphs were used. These results indicate that temperature significantly affects the vector transmission of WDV-W and WDV-B isolates to wheat and barley plants.
Effect of temperature on symptom development. The virus-infected plants incubated at various temperatures developed the typical symptoms of the viral infection including yellowing and stunting (Figure 4 ). When the virus-positive plants were scored according to their symptoms and the data was analysed statistically, it was found that there is a significant difference between them. Based on the symptom indices determined for each plant, the virus-infected plants which had been incubated at 35°C showed the least development of symptoms compared to those incubated at 20, 25, and 30°C ( Figure 5) . Also, the developmental stage of the vector could not significantly affect the symptom development in any temperature regime. There was no significant difference between 
DISCUSSION
Genetic diversity among WDV isolates reported from various regions of the world has been shown for many years using a phylogenetic analysis (Köklü et al. 2007; Schubert et al. 2007; Kundu et al. 2009; Tóbiás et al. 2011; Ghodoum Parizipour et al. 2017) . According to these data, it is expected that novel strains of WDV exist in the Fertile Crescent where agriculture originated (Ghodoum Parizipour et al. 2017) . Since Iran is located in the region of the Fertile Crescent (Harlan 1971) , it is likely that a significant variation occurs among WDV isolates originated from this region. Accordingly, Ghodoum Parizipour et al. (2017) found a novel phylogenetically distinct cluster of WDV isolates from Iran which was introduced as WDV-F. Similarly, here we reported two sequences of WDV (KY793552 and KY793553) which interestingly formed a new cluster in the phylogenetic analysis that was named WDV-G (Figure 2) . This relatively high level of variability among WDV isolates in this region might be the result of a long-term co-evolution of WDV and its hosts. Additionally, the phylogenetic analysis showed that WDV isolates generally formed two super-clades, WDV-W and WDV-B, on the tree which was consistent with the results reported by Ghodoum Parizipour et al. (2017) . A further phylogenetic analysis with more isolates is required to Environmental factors are able to affect virus infections among which temperature is an important factor due to its key role in the ecology of vectortransmitted plant viruses. Our results showed that the constant temperature of 25°C is associated with the highest infection rate caused by WDV-W and WDV-B isolates in wheat and barley, respectively, through the vector transmission (Figure 3 ) which was similar to the results of a study according to which the constant temperature of 25°C is optimum for the vector transmission of Maize streak virus (MSV) to maize plants (Damsteegt 1984) . It seems that this high rate of infection through the vector transmission is a result of the temperature effect on the vector insect rather than on the host plant as the biology of leafhoppers is temperature-dependent (Schiemenz 1969 ) and the insect translocation was believed to be a result of the change in environmental factors (e.g. temperature) leading to ascending or descending flights of the insect vectors (Maramorosch et al. 2006) . Similarly, we observed that at high temperatures (> 30°C) leafhoppers tend to descend on the ground, which reduces the insect feeding on them leading to a decreased rate of WDV transmission to wheat and barley plants. Moreover, our data showed that the high temperature (35°C) was associated with an increased mortality rate of leafhoppers (Table 3) compared to other temperature regimes, although we could not find any statistically significant correlation between WDV infection and mortality rate of P. alienus individuals. Additionally, in our study the average infection rate of WDV using the virus-carrying leafhopper was approximately 70% while it has been previously shown that viruliferous leafhoppers originated from Iran are able to cause the average infection rate of approximately 100% (Ghodoum Parizipour et al. 2016 ). This relatively low infection rate might be due to application of different conditions for the vector transmission of WDV as greenhouse conditions with alternating temperatures of 20-25°C were used in the previous study by Ghodoum Parizipour et al. (2016) . Similarly, it has been shown that various parameters such as environmental factors (temperature and humidity), host susceptibility, and the level of virus virulence may affect the rate of transmission (Reynaud & Peterschmitt 1992) .
Also, it was found that WDV-carrying leafhoppers at nymph stage can cause the highest infection rate in wheat and barley plants (Figure 3 ). This might be due to the fact that the nymph stage of P. alienus is much longer than the imago (adult) stage (Manurung et al. 2005) . Furthermore, the nymphs of P. alienus as the vector of WDV, although wingless, are more active than adult individuals jumping from (Lindblad & Arenö 2002) . Also, the key role of nymphs in the early transmission of WDV to the cultivated cereals has been indicated (Abt & Jacquot 2015) . The second-instar nymphs of P. alienus can transmit WDV after a very short acquisition access period (Wang et al. 2014 ). However, due to the role of adult leafhoppers in early transmission of WDV among the fields (Manurung et al. 2005 ) and the slight difference observed between infection rates caused by viruliferous nymphs and adults of P. alienus (Figure 3) , it can be concluded that both nymph and adult stages of the leafhopper vector are important components in the epidemiology of WDV. A field study is required to investigate the population dynamics of the leafhopper vector in the local WDV-affected sites. Our data showed that the symptom development of WDV-W and WDV-B isolates on wheat and barley plants, respectively, is also affected by temperature ( Figure 5 ). High temperature (35°C) was associated with symptom remission on the virus-infected plants as reported in other virus-plant pathosystems (Hillman et al. 1985; Dahal et al. 1998; Llamas-Llamas et al. 1998; Chellapan et al. 2005; Velázquez et al. 2010; Ghodoum Parizipour et al. 2014; Ghoshal & Sanfaçon 2014; Chung et al. 2015) . Moreover, WDV-infected plants incubated at 35°C exhibited the lower virus content than those kept under temperature regimes of constant 20, 25, and 30°C ( Figure 6 ). These results were similar to those obtained by Chellapan et al. (2005) and Ghodoum Parizipour et al. (2014) based on which geminivirus-infected plants incubated at a high temperature (30°C) had the reduced virus titre compared to those incubated at cool temperatures (< 30°C). Similarly, Llamas-Llamas et al. (1998) showed that the virion accumulation of Tomato spotted wilt virus is higher in virus-inoculated Datura stramonium L., Nicotiana tabacum L., and Physalis ixocarpa Brot. plants incubated at a low temperature (~24°C) compared to those kept at a high temperature (~30°C). These results suggest that higher temperature has a negative effect on the virus content of virusinfected plants.
The RNA silencing machinery as an antiviral defence system was shown to be one of the reasons for reduced virus content in virus-infected plants with symptom remission (Carrillo-Tripp et al. 2007) , although the RNA silencing is not always associated with reduced virus concentration (Jovel et al. 2007) . Further experiments are required to find the mechanism(s) responsible for the low virus content in WDV-infected plants which showed symptom remission at 35°C.
It can be concluded that temperature, as an important environmental factor, is able to affect vector transmission, symptom development and viral content of WDV-W and WDV-B isolates in wheat and barley plants, respectively. The results of this study might be used for the more effective control of wheat dwarf disease, thus choosing a planting date that makes young seedlings face high temperatures (> 30°C) is likely to reduce both incidence and damage of the viral infection as these temperatures were found to be associated with low vector transmission, reduced virus content and symptom remission.
